We present a deterministic method for generation of a stationary three-dimensional entanglement between two-individual neutral Rydberg atoms. This proposal makes full use of the coherent dynamics provided by Rydberg blockade and the dissipative factor originating from the spontaneous emission of Rydberg state. The numerical simulation of the master equation reveals that the target state fidelity can reach up to 99.90%.
It has long been believed that dissipation is regarded as one major obstacle to developing any quantum technology in experiment. Indeed, the quantum information, stored in certain quantum system, will be lost, due to the inevitable interaction between quantum system and its surroundings. And this matter of fact has degraded many quantum entanglements and quantum logic operations relying on unitary dynamics, which impels people to explore efficient technologies to compete decoherence, such as quantum error correction [1] [2] [3] , decoherence-free subspace [4] [5] [6] , and various quantum controls [7] [8] [9] , etc. Contrarily, Verstraete et al. proposed a novel scheme for quantum computation and quantum-state engineering driven by dissipation [10] , where the coupling to the environment drives the system to a target steady state. This work has shed new light on quantum information processing since it illustrates that the dissipation can be utilized as a resource to prepare entanglement and implement universal quantum computing. Since then, the dissipation-based protocols have sprung up in diverse quantum information tasks [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . For instance, Kastoryano et al. prepared a maximally bipartite-entanglement state in a leaking optical cavity [12] . Dalla Torre et al. realized the spin squeezing using quantum-bath engineering in a dissipative atom-cavity system [19] . And Leghtas et al. also prepared and protected a maximally entangled state of a pair of superconducting qubits in a low-Q cavity [23] . Compared with unitary-based scenarios, the main advantage for adopting dissipation is that a stationary desired state can be achievable irrespective to the initial one.
Among many physical carriers of qubit, neutral atoms are good candidates for quantum information processing for they possess stable hyperfine ground states fitting to encode and any pairs of long-range atoms are coupled to each other via dipole-dipole interaction [27] [28] [29] . As this interaction is strong enough to shift the atomic energy levels of highly excited Rydberg states, the Rydberg blockade occurs and the population of bi- * Corresponding author: xqshao@yahoo.com excitation state is restrained. Until now, the Rydberg blockade has been successfully applied in quantum computation [30] [31] [32] [33] [34] , preparation of entangled state [35] [36] [37] , quantum algorithms [38] , quantum simulators [39] , and quantum repeaters [40] . In this paper, we present a dissipative method for preparation of three-dimensional entanglement of Rydberg atoms enlightened by a recent work of Carr et al. [21] . This kind of entangled state can enhance the violations of local realism and the security of quantum cryptography. The proposal makes full use of the unitary dynamics provided by Rydberg blockade and the dissipative factor originating from the spontaneous emission of Rydberg state. Our result shows that the fidelity of the target state in the current approach can reach up to 99.90%, which outperforms the schemes according to unitary dynamics [41] [42] [43] [44] .
The system for dissipative preparation of threedimensional entanglement is illustrated in Fig. 1 . Each atom consists of six levels, where the ground levels |g L , |g 0 and |g R correspond to hyperfine ground atomic levels |F = 3, M = −1 , |F = 4, M = 0 and |F = 3, M = 1 of 6S 1/2 manifold, and the three Rydberg states |e L = |F = 3, M = −1 , |e 0 = |F = 4, M = 0 and |e R = |F = 3, M = 1 of 125P 1/2 . The transition from the ground states to the highly excited states are driven by three π polarized lasers with Rabi frequencies Ω 1 , Ω 2 , and Ω 3 , detuning −∆. Since the Rydberg interaction energy depends on angular degrees of freedom, the coupling strength will be different when |e L , |e 0 and |e R belong to different Zeeman sublevels [45] . We here assume the Rydberg interaction strengths satisfy U LL = U 00 = U RR = 2U and U 0L = U L0 = U 0R = U R0 = U LR = U RL = U, where U ij means the Rydberg interaction strength when atoms are in the state |e i e j . In the interaction picture, the master equation describing the system's dynamics reads
whereĤ I =Ĥ 1 ⊗Î 2 +Î 1 ⊗Ĥ 2 +V is the Hamiltonian of system andL j is the Lindblad operator describing the decay processes of jth atom by spontaneous emission of light. For simplicity, the excited states are assumed to is driven by a classical field with Rabi frequency Ω 1(2,3) , detuned by −∆. The resonant couplings between ground states are realized by two microwave fields with Rabi frequencies ω1 and ω2 respectively. For convenience, we assume the Rydberg interaction strengths satisfy ULL = U00 = URR = 2U and U0L = UL0 = U0R = UR0 = ULR = URL = U. The excited state can spontaneously decay into three ground states with branching ratio γ/3.
spontaneously decay into three ground states with the same branching ratio γ/3. Explicitly, the one-atom operators and the Rydberg interaction operators expressed in the basis {|g L , |e L , |g 0 , |e 0 , |g R , |e R } arê
where ω j is the Rabi frequency of microwave field that couples ground states resonantly, which plays the important role in our approach. The idea of dissipative preparation of threedimensional entanglement can be generalized as follows: In the absence of microwave fields, the ground state |g i g j will be firstly driven to the single-excitation subspace {|e i g j , |g i e j } with detuning −∆, then excited to the biexcitation |e i e j with detuning U ij − 2∆. Different from the usual Rydberg interaction to block all bi-excitation states, here we set ∆ = U/2. This choice results in a resonant coupling between the ground states and the biexcitation Rydberg state when both atoms are initially in different states (i = j), but an off-resonant interaction detuned by an amount of ∆ as both atoms are excited to the same state (i = j). Thus combining with microwave driven fields and spontaneous emission from the Rydberg level, the system will be pumped into a stationary threedimensional entangled state. Since operatorsĤ I treats both atoms in exactly the same way, we introduce the symmetric states |S ij ≡ (|ij + |ij )/ √ 2 and asymmetric states |A ij ≡ (|ij +|ij )/ √ 2 in order to gain a better insight into this dissipative mechanism quantitatively. In the regime of large detuning ∆ ≫ Ω, we can safely disregard the single-excitation subspaces and the effective Hamiltonian is obtained through the second-order perturbation theory:
In the above expressions, we have granted the Rabi frequencies of laser fields have the same real value Ω, and introduced the following states
where |Ψ is the desired three-dimensional entangled state to be prepared. The corresponding Lindblad operators thus take the formŝ 
whereL j i denotes the spontaneous decay of ith atom from the excited states to the ground state |g j . A steady-state solution of system should satisfy the following equation
By checking the unitary dynamics of Eq. (4) and dissipative dynamics from Eq. (10) to Eq. (13), we see that if the atoms are initially prepared in different ground states, they will be simultaneously pumped into the bi-excitation state and then decay into one of the ground state subspace with both atoms in the same state {|Ψ , |Φ , |Υ }. The microwave fields of HamiltonianĤ ω can drive |Φ and |Υ into |S gLg0 or |S gRg0 and the process of pumping and decaying repeats again, while leaving the threedimensional entangled state |Ψ invariant, therefore the final population from an arbitrary initial state will be accumulated in the state |Ψ , i.e. the three-dimensional entangled stateρ = |Ψ Ψ| is the only one solution of Eq. (14) . To verify the above assumption, we numerically solve the steady-state equation Eq. (14) and plot the dependence of steady-state fidelity F = Ψ|ρ ∞ |Ψ on the single-photon detuning parameter ∆ in Fig. 2 , provided other parameters are given by Ω/2π=0.02 MHz,γ=1 kHz, U = 2∆, ω = 3Ω 2 /(4∆). It is shown that the fidelity approaches to unity as the increase of ∆, and the maximum three-dimensional entanglement fidelity is found to be 99.90% at ∆/2π = 5.0 MHz. This result is in accordance with the approximation made in Eq. (10), since a larger value of ∆ is capable of guaranteeing the quantum state with two atoms in the same ground state more stable during the pumping process. The inset of figure. 2 further demonstrates the time evolutions of populations for an initially mixed state corresponding to ∆/2π=0.5 MHZ, which signifies a fidelity exceeding 90% is achievable in a short interaction time 150 ms. It is worth noting that the proposed mechanism is much more like the cooling mechanism in Refs. [11, 14] , where the laser sideband cooling is applied to induce a relatively large detuning of the desired state but resonant laser driving of all other qubit states. Therefore, our method can also be reconsidered as a cooling process that the whole system is finally cooled into the three-dimensional entangled state at the coaction of Rydberd blockade and spontaneous emission.
Nowadays, the Rydberg atom has been exploited to many fields of quantum information due to the availability of a strong, long-range dipole-dipole interaction between Rydberg atoms with principal quantum number n ≫ 1. In this work, we have put forward an efficient way for generation of stationary three-dimensional entangled state by combing the coherent dynamics provided by Rydberg blockade and the dissipative dynamics induced by spontaneous emission of Rydberg state. The fidelity is nearly perfect and we believe that our work may open a new avenue for the entanglement preparation experimentally in the near future. 
